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Introduction
Although apatites are among the most stable and most easily formed calcium phosphates, their composition, and crystal structure are still the object of intense research [1] [2] [3] [4] [5] . Apatite nanocrystals especially occur in bone tissues and other biological mineralisations; however, their composition structure and properties are generally not accurately known, and bone mineral is often thought of and presented as a single chemical compound despite broad variations depending on type, age, species and even strains. The effects of various diseases on bone mineral have not yet been determined in depth. This lack of interest is mainly due to difficulties of characterisation and to the belief that bone mineral is inert and that, except for its passive role in the mechanical properties of calcified tissue and as an ion reservoir, it is not acting as a dynamic constituent in biological regulation processes. However, due to the very high specific area of the crystals, the mineral could participate in several basic equilibria, involving for example specific proteins or mineral ions adsorption and release. A similar situation exists in the biomaterials field where apatite nanocrystals are considered to play a major role in the biological activity of materials [6] [7] [8] but they remain rather poorly defined and characterised. The formation of a nanocrystalline apatite layer at the surface of implant materials has been recognised as playing a determinant role in their bone-bonding ability [6] . However, the terms "bonelike crystals", "biomimetic crystals" have little meaning and they do not generally refer to a composition or even to a structure but simply to a crystallographic pattern or a microscopic appearance analogous to that of bone mineral. The poor knowledge and characterisation of apatite nanocrystals may result in inconsistencies and disagreement in experimental results. For example, the conditions of nanocrystal formation are thought to affect their biological performance [9] . The relationship between the characteristics of the crystals and their biological activity is still unknown, however. Despite difficulties in accurately characterising the composition, the structural details and the properties of apatite nanocrystals, progress in this domain is essential to develop the use of apatite nanocrystals in biomaterials and to reach a better understanding of the role and behaviour of bone mineral. Several interesting techniques can be used to characterise apatite nanocrystals more precisely [10] [11] [12] [13] .
Apatite composition
Calcium phosphate hydroxyapatite, Ca 10 ðPO 4 Þ 6 ðOHÞ 2 ð1Þ
is generally considered as a model compound for biological mineralisations although this ideal formula is never actually found. The composition of well crystallised apatites has been shown to vary over a wide range due to the possibilities of anionic and cationic substitutions and the existence of different types of ion vacancies. Several models have been proposed [14] and one of the most relevant concerning bone mineral was established by Bonel [15] . It was shown that the substitution of a PO 4 3− group by bivalent species such as HPO 4 2− or CO 3 2− is compensated for by the formation of cationic vacancies and anionic vacancies in the OH − site: In some other cases, however, defects of Ca 2+ and OH − have been reported. Then the "u" parameter can be negative in the above formulae giving − u ≤ 1 − x / 2. All phosphate sites seem to be occupied in apatites either by trivalent or bivalent ions.
A complication may appear in the event of internal hydrolysis of PO 4 3− ions by water molecules [15, 16] , which may create additional HPO 4 2− and OH − :
In this case, formula (3) can be corrected to: 
which can be considered as the most general formula for nonstoichiometric apatites. It is not generally possible to determine x, u and y in biological apatites, due to the difficulties in determining the OH − content and the amount of HPO 4 2− , especially when carbonate ions are present. It is generally considered that the "u" parameter can be ignored in biological apatites formed at nearly neutral pH and that internal hydrolysis (y parameter) has no effect. Thus, formula (2) can be considered as an approximation of the composition of biological apatites [17] .
Another model of non-stoichiometric apatites has been proposed by Brown, who considers them as an interlayering of apatite and octacalcium phosphate (OCP) domains [18] . The formation of layers could be facilitated by the structure of OCP consisting of the superimposition of an apatite plane, one unitcell thick, and a hydrated layer [19] . The composition of such interlayered compounds could then appear as intermediate between that of OCP:
and that of stoichiometric apatite (1), and could be represented by a chemical formula similar to Eq. (2), but containing variable quantities of water. However, the main drawback of this concept is that it cannot describe carbonated apatite which is in fact the principal component of biological apatites.
Other substituents may enter the apatitic lattice such as trivalent (e.g. rare earth elements, actinides) or monovalent cations (especially Na + ) replacing Ca 2+ , tetravalent ions replacing PO 4 3− , and bivalent ions replacing OH − , and several charge compensation mechanisms have been proposed [14] . However such possibilities seem to have a minor influence on the chemical formula of the apatites in calcified tissues due to the low amounts of these foreign ions.
The case of nanocrystalline apatites, however, seems more complex as several ions may be located at the surface of the crystals. Thus, early works suggested that Mg 2+ and CO 3 2− could remain on the surface of the apatite crystals [20, 21] . Then the global composition of such crystals can differ from the proposed chemical formulae which do not consider surface ions although they can represent an important fraction in nanocrystals. This point will be clarified later.
Structure of apatite nanocrystals
Biological Ca-P minerals were once considered as a mixture of phases due to their variable and complex composition. It is now established that they are formed by a single apatitic phase, and the presence of foreign phases in normal mineralised tissues has never been reproducibly established. Due to their nanocrystalline nature and the heterogeneity of biological mineralisations, diffraction techniques have not yet given much information on the fine structural details related to the crystals. Most recent progress has relied on spectroscopic methods, which are sensitive to the disturbance of the environments of the mineral ions [10] [11] [12] [13] . One of the most striking features of nanocrystalline apatites of biological or synthetic origin is the presence of "non-apatitic" environments of the mineral ions [12, 13] . These environments have been constantly and reproducibly observed using different spectroscopic methods such as FTIR [12, 13] , solid-state NMR [22] [23] [24] and XANES [25] . FTIR spectra of nanocrystalline apatites, in the ν 4 PO 4 domain, reveal the existence of additional bands of phosphate ions which cannot be assigned to an apatitic environment and which are not present in well crystallised apatites (Fig. 1) . These bands have been assigned to non-apatitic environments of phosphate and hydrogenphosphate ions of the nanocrystals, and FTIR spectra can be used to provide a sufficiently accurate evaluation of the amounts of such environments. Similar observations have been made in the ν 2 CO 3 domain and they have been confirmed by solid-state NMR measurements [22, 24] . In addition, this technique revealed that the nonapatitic environments correspond to hydrated domains (Fig. 2 ) of the nanocrystals distinct from apatite domains. More recently, it has been shown by XANES at the Ca K-edge that specific environments of Ca 2+ ions were also found for nanocrystals, which did not occur in well crystallised apatites [12, 13] . The existence of "non-apatitic environments" of calcium ions completes the picture of these specific domains. It has been suggested that such hydrated domains could be located at the surface of the nanocrystals, lowering their interfacial energy in aqueous media [26] .
The spectroscopic methods first used to characterise apatite nanocrystals were applied to dry nanocrystals as usual for most minerals. One may, however, wonder if drying such fragile structures does not disturb them. Therefore, spectroscopic methods have been used to characterise the nanocrystals in the wet state i.e. as they occur in nature. The data obtained either by FTIR or by solid state NMR show that freshly precipitated nanocrystals exhibit specific sharp lines which are lost on drying [26, 27] (Fig. 3 ). These lines have been assigned to a transient stage in nanocrystal precipitation, corresponding to the existence of a structured hydrated layer. Careful analysis of the spectra suggests that the hydrated layer is different from that existing in well crystallised hydrated Ca-P compounds such as DCPD (dicalcium phosphate dihydrate) and OCP, although a striking analogy is found between the FTIR spectra of wet nanocrystals and that of OCP [26] . These specific features do not correspond to any alteration of the diffraction patterns, indicating that the hydrated domains do not develop in 3-dimensional periodic structures and cannot be considered as a new phase. The structured hydrated domains disappear upon drying, giving way to still partly hydrated domains corresponding to the "non-apatitic environments". However, even in wet media such structured hydrated domains seem very unstable and progressively fade away as the precipitate ages in solution. This "maturation" phenomenon of the precipitates clearly shows the instability of the hydrated structured layer compared to the slow-forming apatitic domains. These data suggest that apatite crystals form in a complex manner involving a labile hydrated layer which progressively becomes transformed into stable apatite domains. These formation conditions could explain the abnormal plate-like shape of the crystals exhibiting asymmetric growth along the two equivalent directions perpendicular to the c axis of the hexagonal unit cell of apatite [14] . The surface structure of apatite nanocrystals could also occur in larger apatite crystals formed in aqueous media; however, due to an unfavourable surface/volume ratio they cannot be detected by spectroscopic methods although some indications may be obtained, especially by XPS [28] . C HetCor -MAS NMR of type B carbonate fluorhydroxyapatite [24] . They clearly show the existence of two carbonate species: type B carbonate (carbonate substituted for PO 4 3− ions in the apatite domains) at 169.5 ppm correlated mainly with OH − ions located in the apatitic channels (0.2 ppm), and non-apatitic carbonate species (168.5 ppm) correlated with water molecules (6 ppm) and belonging to hydrated domains. Fig. 3 . Effect on drying on the ionic environment as shown by FTIR spectroscopy in the ν 3 PO 4 3− domain [26] . In the wet state narrow well defined bands are seen indicative structured environments of the mineral ions. These environments are lost on drying and broader bands are observed. The hydrated surface layer confers unexpected properties to apatite nanocrystals, properties which living organisms benefit from and which could be used in material science as well to obtain bioactive coatings or bulk ceramics from nanocrystals.
Physical-chemical properties of apatite nanocrystals
Several properties depend on the existence of the unstable hydrated layer containing relatively mobile mineral ions.
Maturation and organ properties
The ageing of apatite nanocrystals can lead to very different characteristics of the resulting mineral, the properties of which can be adapted to the functions of the organs. One of the most interesting examples is given by tooth enamel. At early stages, the composition of enamel crystals is very close to that of embryonic bone crystals, very rich in non-apatitic environments [29] . However, as the tissue develops, the proportion of nonapatitic environments decreases as do the levels of carbonate and hydrogen phosphate, whereas the amount of OH − ions increases, indicating a decrease of the proportion of vacancies and leading to the formation of large crystals closer to stoichiometric apatite with a low solubility. In the case of bone mineral, maturation also leads to a decrease of the nonapatitic environments. Concomitantly, the HPO 4 2− content decreases, whereas the amount of carbonate increases and no (or a very few) OH − ions are detected [30] . Overall, the proportion of vacancies does not decrease in bone apatites during ageing. The study of the maturation of synthetic apatites in aqueous media allows the bone and enamel mineral maturation to be mimicked. In the presence of carbonate ions in solution apatite nanocrystals evolve as they do in bone. Carbonate ions incorporated in the hydrated layer slow down the development of the apatitic domain (carbonate ions are known as apatite crystal growth inhibitors). Moreover, as the carbonate ions are incorporated into the slowly growing apatite domain, they maintain a high vacancy content, unlike in enamel crystal evolution. Thus, bone crystals can be easily dissolved to maintain homeostasis and during remodelling. In the absence of carbonate, the decrease of non-apatitic domains occurs more rapidly and is accompanied, as in enamel crystals, by crystal growth and the formation of apatite crystals closer to the stoichiometry of hydroxyapatite. The composition of apatite crystals then appears more related to the maturation conditions than to the precipitation conditions. The use of 13 C labelling of carbonate ions gives more information on the process of maturation of apatite nanocrystals (Fig. 4) . The carbonate ions are introduced progressively in the apatite lattice during the growth of apatite domains and once they have been incorporated they cannot be replaced by ions from the solution (there is no dissolution-reprecipitation of the crystals, but surface re-equilibration). The amount of carbonate ions incorporated is related to the amount of non-apatitic environments which determines the ability of the nanocrystals to change their structure. The analysis of bands resolution (Fig. 5) indicates that the latest incorporated ions are in less crystalline domains and suggests a progressive development of apatite domains at the expense of the hydrated layer. This maturation process occurs in bone and the crystal maturity is related to the remodelling rate. Thus, the mineral crystals are generally more immature and contain more nonapatitic environments in the epiphysis of long bones (fast remodelling rate) than in the diaphysis (slow remodelling rate).
Another interesting property of apatite nanocrystals is related to the ion mobility in the hydrated layer which allows ion exchange reactions without altering the apatitic core.
Ion exchange reactions
The possibility to rapidly and reversibly exchange mineral ions in bone was first established and studied by Neuman et al. [21] . The ions of the hydrated layer constitute a pool of loosely bound mineral ions which can be easily replaced by other ions from the solution. Not all the possibilities of these exchange reactions are known yet. The first experiments concerned essentially bivalent cations and anions. Moreover, it has been found that some monovalent ions like Na + and K + could not be incorporated [31, 32] . The exchange rates are very fast and an exchange equilibrium is reached within a few minutes. Analysis of the solid and the solution concentrations confirms that the exchange reactions result from the replacement of one ion of the solid by one ion from the solution without any other alteration of the solid composition, especially no change in apatite stoichiometry. The exchange reactions can be represented by a Langmuir-type isotherm. The affinity constant and the substitution limit depend on the nature of the ions. The exchange reactions do not however appear as a reversible equilibrium as in regular Langmuir-type adsorption. Dilution of the exchange solutions, for example, implies a decrease of the equilibrium concentration in solution but it does not involve a release of exchanged ions according to the isotherm representation. Once the ions have been incorporated they cannot be removed by dilution and the apatites can be washed without major ion loss. However, the exchanged ions can be almost totally removed by treating the nanocrystals in concentrated solutions of calcium or phosphate and only a very few foreign ions then remain in the solid. These data show that the exchange reactions involve a complex equilibrium of at least two ions competing for the same location and they can be represented as: The corresponding equilibrium constants depend on the nature of the ions, on the composition of the apatite and on its maturation stage. It has been shown that ion exchanges are associated with a perturbation of the hydrated layer structure which also appears to be reversible [27] . The pool of exchangeable ions depends on the maturation state of the nanocrystals and on the extent of the hydrated layer. As this layer progressively decreases in proportion to the crystals maturation, the amount of exchangeable ions decreases accordingly [5] . The ability for foreign ions to substitute in the hydrated layer is greater than that observed with the regular apatite lattice. Thus ions like Mg 2+ , for which only a limited number can enter the hydroxyapatite lattice, are able to easily substitute for calcium ions from the hydrated layer through ion exchange reactions. Another interesting behaviour is observed during the maturation of apatite nanocrystals which have been submitted to ion exchange reactions. For Mg-exchanged nanocrystals, the apatite domain is still growing during maturation but the magnesium ions always remain exchangeable (Fig. 6) . The situation for Srexchanged nanocrystals is different since Sr 2+ ions can easily replace calcium ions in the apatite structure. During the maturation, the growing apatite domains progressively incorporate Sr 2+ ions and the amount of exchangeable Sr 2+ ions constantly decreases with time (Fig. 6 ). These observations have some implications concerning foreign bone-seeking mineral ions which can either be toxic or, on the contrary, may play a beneficial role. These elements have the tendency to be trapped in tissue areas with a high remodelling rate like the epiphysis of long bones, corresponding to immature mineral rich in non-apatitic environments and also bones from young children in the growing stage which are much more sensitive than those of older people. Boneseeking elements can be trapped either by ion exchange between the ions of the hydrated layer and body fluids or by co-precipitation during bone formation or remodelling. Depending on their distribution between the hydrated layer and the apatite domains, these elements may remain available or not for further ion exchanges with body fluids. However, as maturation progresses, they can be trapped in the apatite lattice and reappear only during remodelling periods. Fig. 6 . Inverted exchange reaction on Mg-containing and Sr-containing nanocrystals after different maturation times. The Mg 2+ ions remain always exchangeable but the proportion of exchangeable Sr 2+ decreases. Mg is not trapped in large amount in the apatite domains and remains in the hydrated layer whereas the Sr 2+ ions are progressively incorporated in the apatite domains during maturation and become progressively inaccessible to exchange reactions. In nanocrystals the composition of the hydrated surface layer contributes, for a non-negligible proportion, to the global composition. Although containing mainly divalent ions, the composition of the hydrated layer cannot be determined with accuracy. Exchange reactions are not complete and the amount of exchanged ions depends on their nature. In addition, as the hydrated layer cannot be isolated it is not possible to standardise spectroscopic methods for detailed studies. It can however be ascertained that the chemical compositions proposed for nonstoichiometric apatites have to take the existence of this layer into account. Thus the proposed formulae, although giving the global composition, do not really account for the composition of the true apatite domains.
Adsorption of organic molecules
Very few studies have been done on the adsorption of organic molecules on well characterised nanocrystalline apatites [33, 34] . The results show Langmuir-type isotherms and indicate an increase of the affinity constant and a decrease of the coverage ratio as maturation time increases. The increase of the affinity constant can be correlated with the probable increase of interfacial energy of the nanocrystals during maturation in aqueous media. The comparison of the surface energy of several well crystallized hydrated and non-hydrated Ca-P supports the suggestion that the hydrated surface layer decreases the interfacial energy with the solution and favours the nucleation and growth of the nanocrystals [26] . However, as the stable apatite domains grow with time, the interfacial energy should increase towards that of well crystallised apatite surfaces. According to the model proposed by Gibbs, the adsorption of molecules at an interface involves a decrease of the interfacial energy and it may be considered that if the energy of the nanocrystal-water interface increases, then molecule adsorption should be energetically favoured. In order to confirm this, it seems important to determine the thermodynamic properties of nanocrystalline apatite surfaces. However, it can be already stated that adsorption on nanocrystalline apatites cannot be considered as a purely physical process at the interface. Adsorption generally involves the displacements of ions of the hydrated surface layer (calcium or phosphate) and a possible change of its structure. This is, from a thermodynamic point of view, an irreversible process and, as for ion exchanges, the release of adsorbed molecules is generally obtained by an inverted displacement involving calcium and phosphate solutions (or other mineral ions which may replace them in the hydrated layer such as carbonate, magnesium or strontium for example). Of course calcium and phosphate ions are always present in an aqueous solution due to solubility equilibrium and they also have to be taken into account in the adsorption equilibrium. Adsorption and ion exchange therefore represent different aspects of the substitution ability of the mobile ions of the hydrated layer as schematised in Fig. 8 . The decrease of the number of adsorption sites after increasing maturation time can thus be interpreted as a decrease of potentially exchangeable ions in the hydrated layer or a change in the equilibrium constants. Detailed studies will have to be performed for a better understanding of these reactions, especially from a thermodynamic point of view. The variable adsorption properties of nanocrystalline apatites depending on the maturation time probably affect complex regulating phenomena, in vivo, but they are as yet almost completely unknown. Among the potentially important consequences, are the role of organic-mineral interactions in the mechanical properties of bone tissue nanocomposite and the regulation of remodelling processes through protein adsorption and release, including adsorption effects on nucleation, growth and maturation of the nanocrystals. These properties have several consequences in materials science.
Consequences of the structure and properties of apatite nanocrystals in material science
The structure and properties of apatite nanocrystals open several possibilities in material science which can also play an important role in living organisms. One of the most interesting is the ability of crystals to join and interact. But nanocrystals can also interact strongly with different substrates and macromolecules via their surfaces.
Crystal-crystal interactions
The junction and adhesion of two apatite crystals to apparently form a single crystal has been described during the formation of various calcified tissues and is referred to as "crystal fusion" [35] . The structural and physical-chemical aspects of this phenomenon however are still poorly understood. According to the surface model of apatites proposed here, it can be described as a junction through the hydrated surface of apatite crystals. These domains could remain between adjacent old crystals. However, the increase of the crystal size upon ageing suggests that the hydrated layer junction could evolve towards apatite by a process not yet clarified, probably involving Ca 2+ ion diffusion and H + elimination. Such processes could occur between nanocrystals for which the hydrated surface layer is well developed (Fig. 7) . Such interactions have been promoted in gel-like suspensions of the nanocrystals [36] . The progressive drying increases crystal contact and reorientation; the progressive closeness enables the establishment of electrostatic interactions between the ions of the hydrated layers from the two crystals, possibly associated with the exclusion of water molecules in excess. Then the crystal junctions become very strong and the separation of joined crystals cannot be obtained by rehydration. Ceramics have been prepared using these capabilities of nanocrystals, however their compressive strength (at most 50 MPa) remains rather weak. The main difficulty to overcome is the shrinkage of the materials upon drying and the formation of cracks due to internal tensions between differently oriented domains of the ceramic.
The phenomenon of crystal fusion could also be at the origin of the incorporation of foreign ions or possibly inclusion clusters in the apatite crystals. This property could be the basis of crystal associations with very specific arrangements. Nevertheless, these capabilities do not seem to have been made use of yet.
Crystal-substrate interactions
The hydrated layer can interact with different substances and the related surface ion mobility could be involved in strong crystal adhesion onto different surfaces. One of the most interesting capabilities is the bonding to metals such as titanium to the coat prostheses with a bioactive layer. The surfaces of titanium and related alloys are covered by an oxide layer and, in aqueous media, this layer hydrolyses, forming a hydrated oxide-hydroxide layer. The interactions between nanocrystals and the titanium surface could involve the hydrated surfaces. Several reports have mentioned the possibility to associate apatite nanocrystals with titanium surfaces [37, 38] . One of the main problems is to favour crystal-substrate interactions. In most instances such coatings are obtained from supersaturated solutions associated (or not) with an additional process to accelerate and favour the deposition (electrolysis, ion diffusion, pH variation, temperature increase, etc.). However, to avoid the use of supersaturated solutions in an industrial environment, other processes such as slow hydrolysis of precursors of apatite crystals like amorphous calcium phosphate have also been tested with some success. Very few studies have been made on the adhesion of such coatings and on the possible existence of preferential orientations of the crystals and practically no studies have investigated the bonding scheme between nanocrystals and different substrates, except for theoretical models based on epitaxial relationships between dry substrate surfaces and dry apatite surfaces. The direct bonding of existing nanocrystals on metallic substrates has not yet been successfully experimented. The main problem in this case is to avoid intercrystalline interactions which favour nanocrystal clustering instead of spreading over the surface to be coated. However the modification of the crystals and/or substrate surfaces could possibly solve these difficulties.
Crystal-molecule interactions
Several molecules can interact through ionic end groups with the surface ions of the hydrated layer; however, these capabilities have rarely been used in materials science. The incorporation of small molecules in apatite has been occasionally reported [39, 40] . Similarly, dicarboxylic acids can be trapped in the OCP structure [41] . In all cases the hydrated layer could play a major role. Thus, it has been shown that the trapping of oxygen molecules in apatites is related to the decomposition of peroxide groups, essentially, from molecular H 2 O 2 and O 2 2− ions associated with the apatite structure [40] . Although a relationship cannot be established between the incorporation of relatively small molecules into Ca-P crystals and the formation of composites including macromolecules, similar types of interactions could be involved, especially mineral ion substitutions by charged groups in the hydrated layer. In biological mineralisation, these capabilities seem to have been exploited, although the fine details of protein and apatite nanocrystal interactions remain unknown. Interactions between proteins and apatite nanocrystals are generally thought to occur through anionic groups of the proteins. The involvement of several proteins has been established in the nucleation of the crystals and their growth control [42] . However, most of them occur at very low concentrations in the tissue. From a materials science viewpoint, the most important interactions, especially regarding mechanical and structural properties of bone tissues, involve mainly collagennanocrystals interactions. Several studies have shown that the first nuclei of mineral crystals first appear in the charged zone of the collagen molecules [43] , and that the nanocrystal platelets are organised with their longitudinal axis along the fibre axis and the planes of the platelets parallel to each other [35, 44] . The interactions occurring between the platelets and the collagen molecules at a molecular level have not yet been clarified. Bone tissue can however be described as a hybrid material consisting of an intimate association of organic macromolecules and mineral crystals. In materials science, these interactions could be exploited to form hybrid materials: a promising field which has yet to be investigated.
Conclusions
In summary, several properties of apatite nanocrystals can be related to the existence of a hydrated surface layer containing loosely bound mineral ions. This unstable structure constitutes an ion reservoir for the slow growth of the apatite domains. The loosely bound ions of the hydrated layer offer a wide range of reaction possibilities from ion exchange to the adsorption of organic molecules which have been largely exploited in living systems but are only beginning to be utilised in materials science to obtain nanostructured ceramics and adherent coatings on various substrates.
